Despite the crucial role of cyanobacteria in various ecosystems, little is known about their evolutionary histories, especially microevolutionary dynamics, because of the lack of knowledge regarding their mutation rates. Here we directly estimated cyanobacterial mutation rates based on ancient DNA analyses of ice core samples collected from Kyrgyz Republic that dates back to~12,500 cal years before present. We successfully sequenced the 16S rRNA and 16S-23S internal transcribed spacer (ITS) region. Two cyanobacterial operational taxonomic units (OTUs) were detected from the ancient ice core samples, and these OTUs are shared with those from the modern glacier surface. The mutation rate of ITS region was estimated by comparing ancient and modern populations, and were at the magnitude of 10 −7 substitutions/sites/year. By using a model selection framework, we also demonstrated that the ancient sequences from the ice sample were not contaminated from modern samples. Bayesian demographic analysis based on coalescent theory revealed that cyanobacterial population sizes increased over Asia regions during the Holocene. Thus, our results enhance our understanding of the enigmatic timescale of cyanobacterial microevolution, which has the potential to elucidate the environmental responses of cyanobacteria to the drastic climatic change events of the Quaternary.
Introduction
Diverse microbes inhabit glacier surfaces worldwide, even though snow and ice are extreme environments that have low temperatures and nutrient-poor conditions for microbes. Cyanobacteria, which are photosynthetic autotrophs, are the major group of microbes that live on glaciers. They help sustain other heterotrophic organisms, such as bacteria and microfauna in glacier ecosystems (e.g., Langford et al. 2010; Edwards et al. 2014) . Cyanobacteria on glaciers are usually found on the melting ice surface, particularly in cryoconite holes, which are small melt water ponds formed on the ice surface. Cyanobacteria grow in the holes during the melting season and form granular aggregations called cryoconite granules (Langford et al. 2014; Segawa et al. 2014; Cook et al. 2016) .
Previous studies revealed that cyanobacteria have strong interactions with glacier environments. Cyanobacterial growth largely depends on glacier surface conditions, and requires sunlight, melt water, and certain amounts of nutrients (Vincent, 2000; Langford et al. 2010) . Thus, cyanobacterial abundance and species compositions may vary spatially and geographically on glaciers under different physical or chemical conditions (Langford et al. 2014; Uetake et al. 2016) . Cyanobacterial abundance also affects the glacier itself; cyanobacteria usually live in cryoconite holes and form granules, but they disperse and cover the entire glacier surface on some glaciers (Takeuchi et al. 2001; Segawa and Takeuchi, 2010) . Because of the dark coloration of cryoconite granules, their dispersion on the glacier surface can reduce surface albedo and accelerate the melting of snow and ice (Takeuchi et al. 2001; Takeuchi and Li, 2008; Yallop et al. 2012) . Particularly, recent increase of cryoconite coverage on the Greenland Ice Sheet has been suggested to be a potential impact on mass loss of the ice sheet (Wientjes and Oerlemans, 2010; Shimada et al. 2016) . Therefore, understanding of the ecological traits of glacial cyanobacteria, such as life history, dispersal processes, and demographic history are important to evaluate the interaction between physical and biological aspects of glaciers.
Recently, phylogeographic patterns of cyanobacteria have been resolved by enthusiastic studies (Bahl et al. 2011; Dvořák et al. 2012) . It has been speculated that cyanobacterial spatial distribution patterns in the cryosphere are essentially global at the species level by 16S rRNA gene analysis (Jungblut et al. 2010; Harding et al. 2011 ). According to 16S rRNA sequences analysis by Chrismas et al. (2015) , several clades of cold-dwelling cyanobacteria are common to cold regions, and 20 clades have common ancestors that were highly likely adapted to cold environments. However, that analysis focused upon publicly available sequences deposited in DNA database. Although many cosmopolitan microorganisms in Antarctica are frequently dispersed by aerial exchange with the rest of the world (Vincent, 2000) , recent work demonstrated evidence of regional differentiation and adaptations at the population level by internal transcribed spacer (ITS) sequences (Segawa et al. 2017) . Segawa et al. (2017) suggested that cyanobacteria on glaciers are fundamentally endemic at the population level and there is currently limited migration among regions. Therefore, it remains unclear how, when, and to what extent cyanobacteria expand their distributions on glaciers, because limited information on their mutation rates makes it difficult to elucidate demographic dynamics and establish their phylogeographic patterns in cold environments.
Ice cores drilled from glaciers can provide a means of direct analysis of microbes that grew in the past. Ice cores are usually drilled in the accumulation area of glaciers, where surface snow rarely melts. Because snow remains year-round without melting, annual snow layers continuously accumulate in this area. Ice cores are vertically drilled in these areas and analyzed to obtain continuous past to present inter-annual climate information. For example, studies discovered microorganisms in Antarctic ice cores by 16S rRNA gene analyses (Bulat et al. 2004; Christner et al. 2006) , and past flora and fauna from the Greenland ice cores by analyzing chloroplast and mitochondrial DNA (Willerslev et al. 2007) . In contrast to the polar ice cores, the ice cores drilled from glaciers located in low latitudes often contain melt features, which are refrozen ice layers that are formed during warm climate periods. Microbes rarely grow on the snow surface without melt, but can grow on melting snow surfaces (Uetake et al. 2006; Kohshima et al. 2007 ). Therefore, microbes that grew on the snow surface in the past can be found in the ice cores of lowlatitude glaciers. In fact, abundant snow algae and cyanobacteria that grew on the glaciers have been found in ice cores drilled from glaciers in the Asian high mountains, including the Himalayas and Tienshan Mountains (Takeuchi et al. 2009; Chen et al. 2016) . These studies suggested that such microbes can be used as more reliable markers for identifying annual layer boundaries and inferring other environmental information. Application of molecular techniques to analyzing microbes in the historical glacier layers could provide direct comparison of past and present microbes. The knowledge obtained by this study will illuminate their evolutionary history, especially the microevolutionary processes, such as demographic movements and regional differentiation.
In this study, we directly estimated cyanobacterial mutation rate by analyzing past cyanobacterial communities from ice core samples collected from the Gregoriev Glacier, Kyrgyz Republic, which date back to approximately 12,500 cal years before present (yr BP). We successfully sequenced nucleotide data from the 16S rRNA gene and ITS regions. We also describe a new method in a model selection framework to evaluate whether an observed sequence from an ancient sample is real ancient DNA or contaminant DNA that originated from modern environments. Here we report cyanobacterial operational taxonomic units (OTUs) from ancient ice cores, estimates of their mutation rates, and dynamics of their population sizes based on these data. Results of this study regarding cyanobacterial demography on glaciers will provide important information for understanding glacial ecosystems, changes in glacier albedo, and potential future population dynamics.
Materials and methods

Ice core samples
The analyzed Gregoriev Glacier ice core was drilled in 2007 at the top of the Gregoriev Ice Cap (41°58′33′′N, 77°54′48′′ E) in Kyrgyz Republic, Central Asia (Fig. 1) . The Gregoriev Ice Cap is located in the Teskey Ala-Too Range in Inner Tien Shan, which is an area that runs southward from Lake Issyk-Kul. The ice cap is a simple ice cap that covers a small mountain that is approximately 8 km 2 in area. The elevation of the drill site was 4,563 m above sea level. Meteorological observations at the site showed that annual mean air temperature was −11.1°C, and occasionally exceeded the freezing point in July and August, which indicates occasional surface snow melt that allows microbial growth at the site (Fujita et al. 2011) . The length of the ice core from the surface to the bottom was 86.87 m. Borehole temperature measurements revealed that the ice temperature was −2.68°C at 10 m deep and generally decreased with depth down to −3.92°C at the bottom (Takeuchi et al. 2014) . The negative temperature at the bottom indicates basal ice has not melted.
Two samples from the ice core were analyzed in this study. This first sample was collected from the ice layers at the 85.54 m in depth (the Ice-dust sample), which is a prominent dust layer that contains abundant mineral dust and organic matter. The high concentration of the particles in the layer indicates that significant melt of the glacier surface occurred at the time. The second sample was frozen organic soil collected from the bottom of the borehole of the ice core at 86.87 m (the Bot sample). This sample also contained abundant mineral dust and particulate organic matter. These samples have been dated with radiocarbon measurement and were 8,155-8,002 cal. yr BP for the Icedust sample, and 12,656-12,434 cal. yr BP for the Bot sample (Takeuchi et al. 2014 ).
Melting of ice core sample
All pre-PCR amplification steps were carried out in the ancient DNA clean lab (class 1,000) at the National Institute of Polar Research, Japan. The ancient DNA clean room undergoes nightly UV irradiation, is regularly cleaned with bleach, and physically separated from other modern biological laboratories to avoid contamination from amplified products. All of the equipment and reagents used for DNA extractions were cleaned before use with bleach, DNA AWAY (Thermo Fisher Scientific, USA), and/or UV treatment at 254 nm for 10 min (UVP cross-linker, CL-1000). During analysis in the clean room, gamma raysterilized full bodysuits, facemasks, and disposable gloves were used.
The ice-dust sample was melted in a clean type freezer (class 100) (Seiken Medical, Japan) using a melting device developed by our group that enabled us to obtain water from only the inner portion of the cores and allowed the 10-mm thick outer layer to remain intact (Segawa et al. 2013) . Complete separation of the inner and outer cores is required to avoid contamination by microorganisms that can adhere to the cores during drilling and storage. To determine whether any contamination occurred during handling or due to ice core cracks, a solution of approximately 2 ng/μl bacterial plasmid vector (pCR4-TOPO vector, Life Technologies, USA) was applied to the surface of the core samples. The vector contaminant was not amplified from the DNA extract of the inner part of the ice core samples, and only amplified with the outer layer of ice core samples by 45 cycles of PCR with vector-specific primers (M13-Forward, M13-Reverse). Therefore, we proceeded with further DNA analyses of the inner portion of the ice core samples. For the Bot sample, the sample was melted in sterile 50-ml tubes (Eppendorf, Germany) at 4°C, and was used to the following analysis.
DNA extraction
DNA extractions were conducted in a class 100 clean bench (MHE-130AB3, Panasonic, Japan), and the subsequent PCR set up procedures were carried out in another class 100 clean bench in the ancient clean room. To avoid contamination from PCR products, all of the procedures before PCR were performed in a room separate from that which contained thermal cyclers and PCR products. After melting, the samples were transferred to sterilized tubes and centrifuged at 10,000×g for 10 min. The pellet was then transferred into separate 2.0 mL Matrix-E tubes (Qbiogene, USA), and DNA extraction was performed as previously described (Willerslev et al. 2003 ) except for the beadbeating procedure; we used a multi-bead shocker at 2500 r. p.m for 30S (Yasui Kikai, Japan).
16S rRNA-ITS long reads by PCR amplification and sequencing
Although high-throughput sequencing is commonly applied to 16S rRNA gene and 16S-23S ITS amplicon analyses, contiguous 16S-ITS rRNA sequences from the same template molecules cannot be produced by Second generation sequencing technologies. Because of to the lack of ITS sequence data in the DNA database, information regarding the sequences detected on the glacier is limited at present (e.g., only 5% of cyanobacterial OTUs on the glacier surface had over 95% similarity to sequences in the NCBI-nt database) (Segawa et al. 2017) ; therefore, it is difficult to estimate taxonomic information based only on ITS sequences. To perform parallel broad-scale (16S rRNA gene) and fine-scale (16S-23S ITS) analyses on the same individuals, we conducted conventional Sanger-based sequencing of clone libraries.
PCR amplification of the cyanobacterial 16S rRNA gene to 23S rRNA ITS regions was performed using high-fidelity PrimeStar polymerase (Takara, Japan) and primers 27FHT (Isenbarger et al. 2008 ) and 23S30R (Lepère et al. 2000) . The PCR conditions were as follows: 3 min of initial denaturation at 94°C, 30 cycles at 98°C for 10S, 57°C for 15S, and 72°C for 4 min, and a final extension at 72°C for 7 min. To minimize PCR drift, 3-5 independent reactions were conducted. The pooled PCR products were purified using the MinElute PCR Purification Kit (Qiagen, USA) and cloned using the pCR4Blunt-TOPO vector with a Zero Blunt TOPO PCR Cloning Kit for Sequencing (Life Technologies). Escherichia coli HST08 Premium Competent Cells (Takara) were transformed with the cloning vector. We sequenced 200 clones in each sample. Sequencing was achieved using Big Dye Terminator v3.1 and an ABI 3130xl automatic sequencer (Life Technologies) with primers M13F, M13R, and 907 F (Lane et al. 1985) . As negative controls, we tested DNA extractions and PCRs with blank samples, as previously described.
BLASTN searches were performed to identify the closest sequences in the NCBI-nt database. The sequences that matched the cyanobacterial sequences were used for the following analysis. The sequencing data were analyzed using Mothur v. 1.38.1 (Schloss et al. 2009 ). Chimeric sequences were identified and removed using chimera. uchime (Edgar et al. 2011) . Mothur data were used to calculate coverage with the formula 1−n/N, where n is the number of singletons and N is the total number of sequences.
Taxonomic classification of metagenomic shotgun library reads composition based on 16S and 18S rRNA gene analysis
Because PCR biases can result in misestimation of the relative abundances of cyanobacteria, we also directly estimated cyanobacterial diversity from shotgun metagenomic data. To build a whole-genome shotgun library, we conducted a whole-genome amplification (WGA) technique as previously described (Hongoh et al. 2008 ) using the Illustra GenomiPhi HY DNA Amplification Kit (GE Healthcare, UK). To evaluate potential contamination during DNA extraction and WGA, blank WGA with DNA extraction with blanks instead of DNA input was included in the workflow; we confirm that there was no amplification (contamination) in the negative controls.
Sequencing libraries were prepared using the TruSeq DNA PCR-Free Sample Prep Kit (Illumina, USA). Pairedend reads ware generated on an Illumina HiSeq platform in the 100-bp paired-end mode. Adapter sequences were removed from the generated reads using Cutadapt v. 1.11 and quality trimming using Prinseq-lite v. 0.20.4 (Martin, 2011; Schmieder and Edwards, 2011) . We discarded the reads that contained o50 bp or were associated with an average Phred-like quality score o 20. As a result, 24,440,041 and 28,149,442 read pairs were generated, and 24,226,994 and 27,905,908 read pairs were obtained after trimming the Ice-dust and Bot sequences, respectively.
Shotgun metagenomic data were used for all taxonomic analyses by small subunit (SSU) rRNA gene sequences. High-quality reads were used for taxonomic assessment by screening for SSU rRNA genes with Metaxa2 (BengtssonPalme et al. 2015) to extract bacterial 16S rRNA gene and eukaryote 18SS rRNA sequences from shotgun metagenomic data. Chimeric sequences were identified and removed using chimera.uchime, and extracted SSU gene fragments were matched to Silva v. 123 database sequences using the classify.seqs command in Mothur v. 1.38.1. Taxonomy was then assigned to the matching Silva sequences.
Phylogenetic analysis, mutation rate and demographic dynamic inference
We use the Sanger sequences in the following analysis. We initially clustered the OTUs at the 98% nucleotide identity level based on only the 16S rRNA gene sequences. We then sub-clustered unique OTUs based on the ITS sequences in each sample. We searched tRNA sequences using tRNADB-CE (Abe et al. 2014) , and removed tRNA sequences for the following analysis. The representative sequences of ITS sequences for each haplotype were aligned with cyanobacterial ITS sequences from glaciers using MAFFT (Katoh and Toh, 2010) , and carefully checked by eye; all ambiguous sites and clones were manually deleted. Maximum likelihood trees were reconstructed using RAxML v. 7.2.8 (Stamatakis, 2006) with the GTR + I + Γ models. Haplotype networks were reconstructed based on the ITS sequences with the medianjoining method (Bandelt et al. 1999 ) using NETWORK v. 4.6.11 (http://www.fluxus-engineering.com/sharenet.htm).
To estimate the mutation rate of the ITS region and demographic dynamics, BEAST v. 1.7.4 (Drummond and Rambaut, 2007) was used under the HKY + Γ model with the log-normal relaxed molecular clock. The tip-date method was used to estimate the absolute timescale based on the age of the ancient ice core samples. The calibrated isotopic age of the ice core samples was determined to be 12,500 (±106) cal. yr BP. Therefore, we assumed that the age of the Bot sample was 12,500 years before present, whereas the modern samples were 0 years before present. The results were summarized and visualized using Tracer v. 1.5 (http://beast.bio.ed.ac.uk/tracer). Parameter convergence was confirmed by checking that all effective sample sizes were 4200. To estimate mutation rates, only unique sequences were included to reduce the computational burden. A constant population size was assumed.
The demographic dynamics were inferred using the Bayesian skyline plot (BSP) method . Because this method assumes the coalescent process, all individuals should be included in this analysis. In this analysis, we assumed one clone sequence as one individual, and all sequences were included. However, as that approach was computationally too expensive, the mutation rates were fixed a priori in accordance with the estimated mutation rates mentioned above.
The maximum likelihood (ML) method was also used to infer the demographic dynamics and the time of the most recent common ancestor using GENETREE v. 9.0 (Griffiths, 2007). This method is based on the coalescent process, and assumes an infinite alleles model and no recombination. Exponential growth of the population sizes was assumed. The above-mentioned estimated mutation rates were applied. Because little is known about the generation intervals of cyanobacteria in wild environments, four different generation intervals of 3, 29, 44, 300 generations/year were considered because they were consistent with the range of bacterial generation times reported in previous studies (Nadeau and Castenholz, 2000; Vincent, 2007; Anesio et al. 2010; Schierup and Wiuf, 2010) .
Model selection approaches for molecular clock model comparison
To ensure that the observed sequence of the ancient Bot sample was not the contamination that originated from modern environments, we compared four models (Supplementary Figure S1 ) using Akaike Information Criterion through Markov chain Monte Carlo (AICM) (Baele et al. 2012 ) with 100 bootstraps: model A, in which the sequences from the ancient sample were assigned to 12,500 cal. yr BP, and the modern samples were assigned to 0 cal. yr BP; model B, in which the sequences from the ancient sample were assigned to 0 cal. yr BP, and randomly selected N haplotypes from modern glacier surface samples were assigned to 12,500 cal. yr BP, where N is the number of haplotypes from the Bot sample.; model C, in which the sequences from the ancient sample were assigned to 0 cal. yr BP, and all modern glacier surface sequences were assigned to 12,500 cal. yr BP; and model D, all samples were assigned to be modern (0 years before present). Model A represents a situation in which all ancient samples are actually 12,500 cal. yr BP, there was no contamination from the modern samples. On the other hand, model D is assuming all DNA sequences are from the modern samples.
If the AICM of model D is smaller than that of model A, it is a signal of that the DNA sequences from the ancient samples are contamination from the modern samples. Models B and C represent situations in which there was contamination from modern samples. Cases in which the modern DNA was mistakenly assigned as ancient DNA can be examined by comparison of these models and model A. To reduce the computational burden, one sequence from one haplotype was used in this analysis. If haplotypes are shared by the modern surface samples and the Bot sample, two sequences (one is from the Bot and another is from the current glacier surface) from one haplotypes were involved in this analysis. Appropriate effective sample size in the analyses were checked with Tracer v. 1.6 (http://beast.bio. ed.ac.uk/tracer).
Results
Cyanobacterial community structure based on 16S-ITS PCR and a shotgun metagenome approach
We performed continuous 16S-ITS sequencing and metagenome shotgun libraries to analyze the cyanobacterial community structures in the ice cores. Using a Sanger-based clone library approach, the Good's coverage values based on the 16S rRNA gene of cyanobacteria were 100% in the clone libraries for both Ice-dust and Bot samples. The samples for the clone libraries sufficiently covered most of the cyanobacterial diversity. The 16S rRNA gene sequences from Ice-dust and Bot samples were grouped into just one and two cyanobacterial OTUs, respectively. The 16S rRNA gene of the Ice-dust sample was close to Chroococcidiopsis sp. CC1 (DQ914863), with 94% similarity. However, this OTU is not closely related to cyanobacterial 16S sequences on glaciers. In addition, metagenome shotgun sequences of the Ice-dust sample were not similar to any previously deposited cyanobacterial 16S rRNA gene sequences. Therefore, it was suggested that the Ice-dust sample did not contain cyanobacteria that typically grow on glaciers. However, the Bot sample contained two cyanobacterial OTUs classified to Oscillatoriales based on Sanger-based analysis. The 16S rRNA genes in the Bot sample were affiliated with Microcoleus (85%) and Geitlerinema (15%). These two OTUs are closely related to cyanobacteria that are known to occur on glaciers, Microcoleus OTU4 and Geitlerinema OTU9 classified by Segawa et al. (2017) , respectively (Fig. 2) .
Using a metagenomic shotgun library approach, 69 reads were assigned to the cyanobacterial 16S rRNA gene in the Bot sample. A broader range of cyanobacterial taxa were found in the shotgun library compared with the Sanger library. The majority of the 16S rRNA genes in the shotgun library were affiliated with Oscillatoriales (75%); the other genes were affiliated with Synechococcales (10%), Nostocales (13%), and Chroococcales (1%). The frequently detected families were Microcoleaceae (43%) and Coleofasciculaceae (17%) (Supplementary Figure  S2) , consistent with the clone library analysis. The metagenomic analyses also revealed microbial community composition in the ice cores other than cyanobacteria (Supplementary Figure S3) .
Cyanobacterial analysis of ITS regions
Overall, we observed geographically widespread OTUs by 16S rRNA gene analysis. However, the ITS region, with a higher evolution rate, often shows contrasting cyanobacterial distribution patterns. The haplotype networks based on the ITS sequences showed that both OTUs have regional biogeographical distribution patterns (Fig. 3) . The haplotype network revealed that the endemic haplotypes independently derived from ubiquitous ancestral haplotypes multiple times. The result of our ITS analyses showed that both OTUs were fundamentally endemic with regional distributions at the strain level.
Cyanobacterial mutation rate estimation
To accurately and directly estimate the cyanobacterial evolutionary rate, the nucleotide sequence data of the modern and ancient samples enclosed in the ice core excavated from the Bot sample were analyzed. We conducted tip-date analysis under the coalescent process to estimate mutation rates. Figure 4 indicates the posterior distributions of the mutation rates. The posterior means of the 16S-23S ITS region mutation rate in OTUs 4 and 9 were 5.7 × 10 −7 and 2.3 × 10 −7 substitutions/site/year, respectively. To ensure the observed sequences of the ancient Bot sample were not contaminated by modern environments, we compared four dating models using AICM (models A, B, C, Fig. 2 Geographic distribution of cyanobacteria from glacier surface (Segawa et al. 2017) (Table 1) . It suggests that the ancient sequences from the Bot sample were not contaminated with modern samples.
The comparisons of these AICM values, especially the model A vs. the model B, as well as the model A vs. the model D, also indicate the number of mutations occurred in the cyanobacterial ITS regions for 12,500 years are statistically significant. In other words, the mutation rates estimated by the comparisons of the modern samples and the Fig. 3 Haplotype network analysis of 16S-23S ITS regions of OTU4 and OTU9. The haplotypes were colored based on geographical region, and the areas of each haplotype are proportional to the clone numbers of the unique sequence. Each color represents a haplotype from the ice core of this study and glacier samples (Segawa et al. 2017) as follows: red, ice core sample; blue, Antarctic glacier; green, Svalbard glacier; black, northern Asian glacier; and yellow, southern Asian glacier Model A: The haplotypes from the ice core were assigned to 12,500 years before present Model B: The haplotypes from the ice core were assigned to 0 years before present, and randomly selected N haplotypes from modern glacier surface samples were assigned to 12,500 cal. yr BP, where N is the number of haplotypes from the ice core sample Model C: The haplotypes from the ice core were assigned to 0 years before present, k and all haplotypes from current glacier surface were assigned to 12,500 years before present Model D: All haplotypes were assigned to be modern (0 years before present) Fig. 4 Estimated rate of molecular evolution. The posterior probability densities of the evolutionary rate (substitutions/site/year) for 16S-23S ITS regions of cyanobacterial OTU4 and OTU9 under a relaxed molecular clock
Bot samples are evolutionary significant, but not the artifact caused by the molecular variances in one chronological point.
Demographic reconstruction
We estimate the demographic movements of cyanobacterial OTU4 and OTU9 based on ITS regions using BSP analysis. Effective population sizes (Ne) of cyanobacterial OTU4 and OTU9 were estimated over time (Fig. 5) . BSP revealed different tendencies of the demographic movements of cyanobacterial OTUs. The population size of OTU4 has been relatively stable over time but with a weak increase in Ne over the past 10,000 years, whereas that of OTU9 showed dynamic expansion, especially for approximately the past 10,000 years. The ML estimation of the demographic movements with GENETREE v. 9 under the exponential growth model is shown in Supplementary Figure S4 . OTU9 showed remarkably increased Ne, whereas OTU4 did not show increased Ne over time.
Discussion
Cyanobacterial DNA in the ice core samples
In this study, we successfully analyzed continuous 16S rRNA-ITS regions from the ancient ice core samples. The heat map of the geographic distribution of cyanobacterial OTUs from glacier and ice core samples based on the 16S rRNA gene analysis is shown in Fig. 2 . On the basis of the detection rate of 16S rRNA gene in geographic regions, these OTUs from the Bot sample can be categorized as cosmopolitan (OTU4) and Asian that is dominant in northern Asia sites (OTU9) (Segawa et al. 2017) . Although OTU4 observed on both polar and Asian glaciers, OTU4 dominates in Northern Asia. Therefore, both OTUs are abundant in Northern Asia. Since the Bot sample was frozen organic soil under the glacier, cyanobacteria in the sample may be different from those of glacier surface biota. However, according to Kaštovská et al. (2005) , most of the cyanobacterial species detected in cryoconite on glaciers have been found in soil surrounding the glaciers. Furthermore, there were some cyanobacteiral OTUs shared between the soil and cryoconites on glaciers (Segawa et al. 2014) . Therefore, we assume that the Cyanobacteria frequently migrate between the glacial surface and surrounding soil, and thus their populations in the soils and ice core are not necessary to be distinguished.
In general, DNA is fragmented in ancient samples, such as bones, ice cores, and permafrost from the past 10,000 years. The degree of DNA strand cleavages depends on temperature and pH, and the short fragments of DNA could be present for a very long time (Allentoft et al. 2012) . Allentoft et al. (2012) modeled the decay of a 500-bp mtDNA fragment preserved in bone, and demonstrated a half-life period is 9500 years at −5°C. Indeed, Willerslev et al. (2004) successfully reported DNA concentrations in permafrost samples, and demonstrated the dynamics of the taxonomic diversity for the past 600,000 years. In this study, the ice samples might have been kept frozen under the glacier, and age of the bottom sample is 12,500 cal. yr BP. DNA can be preserved at low temperatures over a relatively short geological time. In addition, both cyanobacterial OTUs detected from the ice core samples have cell walls (Segawa et al. 2017) . It is possible that this structure helps DNA from strand cleavage, and this may be the reason why we successfully amplified a continuous 16S-ITS region.
The possibility of contamination from modern DNA samples was also evaluated using a molecular evolutionary approach. Jin et al. (2016) demonstrated that the appropriateness of fossil calibrations for divergence time estimation can be evaluated in selection model selection framework. We extended this idea to ancient DNA studies to determine whether there was any contamination from modern samples. The four models (models A-D; Materials and Methods section) were constructed to depict situations with and without contamination from modern samples. Model A depicts no contamination from modern DNA, and models B, C and D depict DNA sequences from the Bot sample that were contaminated modern DNA. In cases of both Microcoleus OTU4 and Geitlerinema OTU9, model A was selected as the best model. This finding indicates that DNA sequences from the Bot sample really originated from ancient Cyanobacteria that date back to 12,500 cal. yr BP.
Mutation rate of the cyanobacteria ITS region
Our previous study demonstrated that the continuous 16S rRNA and ITS region data provide crucial information to reveal the microbial taxonomic diversity at both broad and fine scales, because the lower mutation rate of 16S rRNA is suitable for the inter-species comparison over a long timescale, and the higher mutation rate of the ITS region is suitable for intra-species comparison over a short timescale (Segawa et al. 2017) .
In this study, we successfully estimated mutation rates of the cyanobacterial ITS region in Microcoleus OTU4 and Geitlerinema OTU9, and the posterior means of the mutation rate were 5.7 × 10 −7 and 2.3 × 10 −7 substitutions/site/ year, respectively. These rates are of similar magnitude to the mitochondrial mutation rates of tetrapods (10 −7 substitutions/site/year), which were previously inferred by ancient DNA analyses (Ho et al. 2007; Molak et al. 2013 ), but are of dissimilar magnitude compared with mitochondrial DNA of penguins and wild boars (10 −6 substitutions/ site/year). The estimated mutation rates for the ITS region in cyanobacteria are also largely similar to the genomic mutation rate of cultured bacteria. According to Ford et al. (2011) , the mutation rate of Mycobacterium tuberculosis during latent infection under laboratory incubation was 8 × 10 −8 substitutions/site/year.
However, cyanobacterial molecular evolutionary rates estimated with paleontological evidence are substantially slower than our estimates. According to Bahl et al. (2011) , the mean evolutionary rate of cyanobacterial ITS regions calibrated by the fossil record is 3.8 × 10
−11 substitutions/ site/year. Schirrmeister et al. (2013) also carried out divergence time estimation of cyanobacteria using reliable fossil records. Although Schirrmeister et al. (2013) did not report cyanobacterial molecular evolutionary rates, our recalculated evolutionary rate based on their data and their estimated divergence times is approximately 2.0 × 10
substitutions/site/year for 16S rRNA (data not shown). This value is similar to the estimate by Bahl et al. (2011) for cyanobacterial 16S rRNA (1.9 × 10 −11 substitutions/site/ year). Indeed, OTUs analyzed in this study and in the study by Bahl et al. (2011) belong to different orders (Oscillatoriales and Chroococcidiopsidales, respectively); however, the mutation rate estimated in this study is four magnitudes higher than their estimation. Because all ambiguously aligned sites were removed a priori in analyses by Bahl et al. (2011) , the actual evolutionary rate of cyanobacterial ITS regions may be much higher than 10 −11 substitutions/ site/year. ITS regions in cyanobacteria contain conserved regions and numerous in-del regions that is difficult to be aligned even within the order; therefore, evolutionary rates were quite different between these regions. It is possible this discrepancy can be explained by the time dependency of the evolutionary rates (Ho et al. 2005; Ho and Larson, 2006) . Ho et al. (2005; 2006) demonstrated the higher-molecular evolutionary rates in the short term (e.g., o 1 million years ago) and lower evolutionary rates in the long term (e.g., 41 million years ago); they approximated this time-dependent decline in molecular evolutionary rates using an exponential curve. The former correspond to the (non-lethal) mutation rates, and the latter correspond to substitution rates. Mutation rate refers to new genetic mutations that spontaneously occur during the replication and transmission of genetic information from parent to offspring, whereas substitution rate is some portion of new mutations that fix in an evolving lineage over time, which typically depends on both the mutation rate and the effects of natural selection (Barrick and Lenski, 2013) .
According to the nearly neutral theory (Ohta and Tachida, 1990) , lethal or deleterious mutations are immediately swept from populations, but it takes a long time to completely eradicate slightly deleterious mutations from populations. Consequently, more mutations can be observed with intra-species variation than those expected from interspecies comparisons (Yonezawa and Hasegawa, 2014) . Therefore, observed molecular evolutionary rates are higher in the intra-species comparison than those of the interspecies comparison (Ho et al. 2005) .
Typically, divergence time estimates for animals and plants are inferred using the ages of fossilized ancestors as calibration points (Benton et al. 2009 ). Because these fossil calibrations can be typically applied among higher taxa, the molecular evolutionary rates estimated with the fossil calibration are the substitution rates. However, it is difficult to estimate mutation rates within species. Ancient DNA samples can facilitate direct measurement of mutation rates (Ho et al. 2007; Molak et al. 2013) .
Recently, mutation rate estimation in animals, such as from bison bones recovered from permafrost, has been reported in several studies (Orlando et al. 2013; Der Sarkissian et al. 2015) . However, mutation rate estimation of microorganisms has only been carried out under laboratory conditions (MacLean et al. 2013) ; therefore, microorganism mutation rates in natural environments remain unclear (Ho et al. 2007) . Mutation rates provide insight into past population dynamics (Orland et al. 2013) and mathematical models regarding speciation dynamics (Gavrilets, 2004) ; thus, it is important to understand mutation rates in these natural environments.
Timescale of Cyanobacteria demography and phylogeography
Cyanobacteria are the only organisms that have evolved oxygenic photosynthesis, and are some of the most important life forms that influenced Earth environments in the Precambrian (Lane, 2005; Schirrmeister et al. 2015) . Cyanobacteria changed the Earth environments from anoxic to aerobic. In particular, the rapid accumulation of oxygen in the atmosphere 2.5-2.3 billion years ago is referred to as the Great Oxidation Event; this caused the largest shifts of biota in earth history and might have triggered the emergence of eukaryotes (Lane, 2005) . In addition, the chloroplast in plants and algae was formed by symbiosis of cyanobacteria and eukaryotes, which caused further diversification of eukaryotes. Therefore, the evolution of the cyanobacteria in Earth's history has been vigorously investigated, especially in the fields of molecular evolution and paleontology, and the impact of cyanobacteria on major geological events has been extensively argued (e.g., Schirrmeister et al. 2015; Nutman et al. 2016) .
Nevertheless, cyanobacterial evolutionary history during the short term, such as at the intra-species level, has not been well studied. Although several previous studies carried out demographic studies on cyanobacteria, these were not argued in the absolute timescale (e.g., Takuno et al. 2012) . Therefore, although the repetitive glacial and interglacial periods in the Quaternary period may have potentially deeply impacted cyanobacterial evolution, little is known about this relationship. This issue mainly stems from difficulty in estimating accurate mutation rates.
Ancient DNA provides crucial information to directly estimate mutation rates (Ho et al. 2007) . In this study, the cyanobacterial mutation rates in the ITS region were estimated to be~2.3-5.7 × 10 −7 substitutions/site/year. We further estimated the demographic dynamics of cyanobacterial OTU4 and OTU9 by BSP analysis. Estimated Ne of cyanobacterial OTU4 and OTU9 over time were shown (Fig. 5 ). These two cyanobacterial OTUs showed different tendencies with regard to demographic dynamics. The Ne of OTU4 has been stable over time, whereas, the Ne of OTU9 showed rapid increase with particularly steep increases during the Holocene. ML estimation of the Ne with GENETREE also showed similar tendencies: the Ne for OTU9 exponentially increased over time; however, the Ne for OTU4 did not increase (Supplementary Figure S4) . These findings indicate the different environmental responsiveness of the cyanobacterial OTUs. However, although it was not detected in the GENETREE ML analysis, OTU4 also showed a weak increase in Ne since approximately 10,000 years before present in the BSP analysis. This suggests that the population sizes of the cyanobacterial OTUs have been more or less increased in Holocene compared with the last glacial period. It is possible that the increase of the solar irradiance and the atmospheric temperature based on the Milankovitch cycles somewhat affect the demographic dynamics of the cyanobacterial OTUs, but the sensitivities of these factors are different in each OTU. We demonstrated that ancient DNA analyses provide crucial information for estimating mutation rates and changing in geographic distributions. The ancient DNA data also provide new insight into cyanobacterial biogeography. Recently, Segawa et al. (2017) demonstrated the endemic geographic distribution of cyanobacterial OTUs at the population level. However, the evolutionary timescale in which geographic endemism was established was not investigated; the mutation rates obtained in this study make this possible to estimate. Our findings underscore the importance of understanding both the ecology of cyanobacteria in glacial ecosystems and the formation of the cryoconite, which reduces the ice surface albedo of glaciers. This knowledge will help elucidate cyanobacterial microevolutionary patterns, such as demographic dynamics, the formation of geographic patterns, genetic differentiations, and natural selection.
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